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1. Introduction 
Extensive research and development is being undertaken by the utility industry to address future 
carbon-related constraints and evolving air quality regulations while providing affordable, reliable, and 
sustainable electricity.  In particular, new fossil-fuel power plant designs, including new combinations of 
fuels and emissions control technologies, are areas of high activity. This includes the development and 
commercialization of solvents and sorbents for post-combustion CO2 capture. With these new materials 
and processes comes the potential for emissions of new chemicals or known chemicals at modified 
emission rates, and environmental, occupational and community health impacts. An understanding of the 
potential human and environmental impacts of amine solvents used in carbon capture and storage (CCS) 
has become increasingly more important as more of these technologies are moving to the pilot stage of 
development and will be more regularly operated. However, the evaluation of such impacts is 
complicated by several issues, including the early stage of technology and solvent development, the 
limited number of pilot facilities, the proprietary nature of many of the solvents, and the lack of validated 
sampling and analytical methods to determine the amount, type, and impacts of solvent degradation, both 
within the technology and in the atmosphere after emission.  
 
In 2009, Electric Power Research Institute (EPRI) initiated a Strategic Technology Innovation 
Program entitled “Health and Environmental Impacts of Future Power Plant Emissions” in order to 
evaluate potential concerns related to the future fossil-fuel generation portfolio. One component is an 
assessment of the toxicity of amines and their degradation products, as well as emissions from pilot- or 
demonstration scale CO2 capture facilities. The focus is on airborne exposures, although other media 
(such as liquid waste streams) is also crucial and will be incorporated to the extent possible as the 
program progresses. As part of this program, EPRI initiated several community-based efforts to assess the 
state-of-the-science on these topics, and to create a framework within which to prioritize future research 
directions. These included a 2011workshop entitled “Health and Environmental Toxicity of Amines for 
Post-Combustion Carbon Capture: Launching a Dialogue on Research Needs”, and a 2012 working group 
for “Amine and Amine Degradation Products Methods Standardization”. 
 
2. Workshop Design 
2.1 EPRI 2011 Workshop on Health and Environmental Toxicity of Amines for Post-Combustion Carbon 
Capture: Launching a Dialogue on Research Needs 
 
The objective of this workshop was to bring together through an open invitation members of the 
solvent development community, government agencies, environmental organizations, academic 
researchers, industry, and other stakeholders to discuss different approaches to evaluating toxicity of 
solvents for CO2 capture, particularly in face of proprietary issues. A “state of the science” review 
regarding the toxicity of amines, their degradation products, and their atmospheric and environmental 
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transformation products was conducted through presentation of the participants’ recent research results 
and group discussion on several workshop charge questions. The charge questions were as follows: 
 
• Exposure: What types of exposures are of concern, e.g., environmental, occupational? At what stage 
of processing, and which waste stream(s)? Which particular compounds are of most concern?  
• Intellectual Property Concerns: How can the R&D community evaluate potential toxicity issues 
associated with solvents while protecting developer IP?  
• Standardized Toxicity Evaluation Protocol: Can we as a community develop a standardized protocol 
for assessing toxicity of new CO
2 
capture materials? What might it look like?  
• Communication: How and to whom do we communicate results? Who receives data? How can we 
actively address developer concerns regarding access to data?  
 
The outcome of the workshop was anticipated to be a set of research approaches that could be explored in 
the future.  
 
2.2 EPRI 2012 Working Group on Standardization of Sampling and Analytical Methods for Amines and 
Amine Degradation Products in Post-Combustion Carbon Capture Technologies 
 
The objective of this group is to collaboratively evaluate various sampling and analytical 
protocols that have been, or could be, used for amines and amine degradation products in power plant flue 
gas stacks. The analytes were to include individual amines, degradation products from the capture 
technology, as well as chemical groupings (e.g. total nitrosamines). The chemical subgroups selected are 
listed in Table 1. Methods that could be used at the stack exit to the atmosphere and at the exit of the 
water wash, or potentially at other locations in the pilot plants, were all available to be considered. 
However, the focus was on the material that would eventually exit the stack with the flue gas rather than 
the aqueous recycle or waste streams. This activity drew from the results of a number of existing and 
ongoing programmatic efforts in several countries, the personal experience of the attendees, and 
theoretical and empirical understanding of certain techniques, even if not yet applied at amine carbon 
capture operation. 
 
 
Table 1: Chemical Subgroups Reviewed 
 
Subgroup Chemical Subgroup Chemical 
  Amines   Alkylamines 
1 2-amino-2-methyl-1-propanol (AMP) 3 Diethylamine (DEN) 
1 Diethanolamine (DEA) 3 Dimethylamine (DMA) 
1 N-methyldiethanolamine (MDEA) 3 Ethylamine (EA) 
1 Monoethanolamine (MEA) 3 Methylamine (MA) 
1 Piperazine (PZ) 3 Trimethylamine (TMA) 
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  NH3 & Aldehydes   Nitramines 
1 Ammonia 4 Dimethylnitramine  
1 Formaldehyde 4 1-nitro-piperazine 
1 Acetaldehyde 4 Dinitropiperazine 
  Nitrosamines   Amides 
2 1, 4-dinitropiperazine 4 Acetamide 
2 N-nitrosodiethanolamine (NDELA) 4 Formamide 
2 N-nitrosodiethylamine (NDEA)   Acids 
2 N-nitrosodimethylamine (NDMA) 4 Formic acid 
2 N-nitrosomorpholine (NMOR) 4 Acetic acid 
2 N-nitrosopiperazine (NPz) 4 Oxalic acid 
 
 
Working group participants were assigned to one of the chemical subgroups, and asked to 
research relevant methods in advance of an in-person workshop which was held in May of 2012.  The 
workshop was organized with primarily open discussion periods for both the subgroups and as plenary 
sessions. Limited presentation of recent research results was also made. The remainder of the 2012 efforts 
was focused within the subgroups, which collaboratively compiled, reviewed and analyzed the 
methodological information from previous reports and reviews as well as from the learnings of the May 
workshop. The subgroup chapters will be used to compose an upcoming comprehensive report, which 
will include feedback on the choice and operation of sampling and analytical methods, lessons learned 
from experience in applying the methods, and additional insights and guidance from fundamental 
chemical and instrumentation knowledge. Knowledge gaps will be identified and approaches to resolving 
them will be suggested. This report will be made available to the public when completed. 
 
In response to identified data gaps in the comprehensive review, several methods with promise 
will be selected for further evaluation and testing in laboratory and pilot plant settings with relevant 
amine solvents. A project plan will be created that outlines tests of interest, which could include 
laboratory evaluation of certain methodological questions or calibrations in advance of application at pilot 
plant stacks, direct comparison of measurements from several methods (and several repeated applications 
of the same method) at the same pilot plant site to inform method precision, the potential impacts on 
method performance as a result of the presence of emissions control devices such as water or acid washes 
or demisters, and the like.  
 
 
3.0 Results 
3.1 EPRI 2011 Workshop on Health and Environmental Toxicity of Amines for Post-Combustion Carbon 
Capture: Launching a Dialogue on Research Needs 
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The 2011 workshop discussions presented a variety of perspectives, which resulted from the 
wide range of backgrounds and experience that the participants encompassed. It became clear that 
incorporation of as many of these perspectives as possible at the early stages of technology development 
and risk assessment research would minimize surprises and unintended consequences in future years 
when the technologies were closer to deployment. Often the cross-disciplinary expertise suggested 
approaches that may need the R&D needs without sacrificing necessary control of intellectual property or 
other concerns. For example, solvent developers may be reluctant to provide detailed information on their 
process, compilation, or emissions in part because at this stage of commercialization the technology is 
continually being optimized, and there may be a concern that data are premature. However, the research 
community can significantly advance the science even in the absence of proprietary information. For 
example, working with known solvents, e.g., MEA, in both laboratory-scale experiments as well as pilot 
facilities, can generate data applicable to other solvents and processes. Indeed, the use of Quantitative 
Structure-Activity Relationships (QSARs) - a process by which chemical structure is quantitatively 
correlated with biological activity - was widely discussed as a potentially effective approach to evaluate 
the toxicity of amine degradation products. 
 
Several specific research needs were identified that will otherwise restrict comprehensive assessment 
of the health and environmental effects of amines for post combustion capture [1]. These included:  
 
• Analytical methods for characterizing the chemical composition of emissions: Currently, little 
information is available on the full suite of sampling and analytical methodologies in use today, their 
efficacy, or if better alternatives are available. Standard methods and protocols would help increase 
the limited amount of emissions data from amine solvent post-combustion carbon capture pilot plants 
by simplifying the overall process of selecting, evaluating, and applying appropriate methods. In 
addition, application of common sampling and analysis methods to different installations would 
provide the opportunity to directly compare resulting emissions.  
 
• Emissions measurements from pilot or demo-scale projects: Although it was noted by several 
workshop participants that some data are available, e.g., those collected by developers, the reality is 
that very few high quality data are available in the public domain. In order to accurately evaluate 
potential risk, the composition of emissions, along with relevant concentrations, must be known.  
 
• Interactions with solvent additives, e.g., corrosion inhibitors: Little is known about these additives as 
they are also proprietary. The published literature indicates that these are often heavy metals, and the 
resultant liquid waste from the absorber must therefore be disposed of as hazardous material.  
 
• Improved understanding and modeling of the atmospheric chemistry and loss processes of emissions 
from amine-based capture solutions: Once emissions have been quantified and characterized, their 
fate in the atmosphere must be simulated in order to understand the levels of exposure and the 
compounds that may remain in the atmosphere. This involves a careful assessment of the 
photochemistry of the emissions and their potential reaction products and their loss terms, such as 
through photolysis or deposition. It is also important to develop technologies to measure any 
compounds of concern at ambient levels to ensure that models are indeed capturing the correct levels 
of exposure.  
 
• Development of appropriate protocols for evaluating the toxicity and potential carcinogenicity of 
amines, in-plant degradation products, and chemical compounds formed via atmospheric reactions: 
Although some toxicological endpoints are relatively well-characterized, e.g., carcinogenicity of 
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nitrosamines, other effects are not. For example, cardiovascular effects of many of these materials 
have not been studied.  
 
• Risk assessment approach for nitrosamines and nitramines: Nitrosamines are of particular concern 
from a health perspective due to their carcinogenicity in animal studies. Nitramines are also of 
interest as they have the potential to be carcinogenic. The Norwegian Institute of Public Health has 
proposed a safe level of nitrosamines and nitramines (combined) in air of 3 ng/m3. This is based on 
an estimated 2% conversion rate of emitted amine to nitrosamine in the atmosphere, and a 7% 
conversion to nitramine, and is also based on very limited emissions data. There is some concern that 
these conversion rates are too high, and also do not take into account the specific chemistry 
associated with different amines and their conversion abilities. 
 
An important result of the workshop was a general realization among many attendees that, although 
there are critical knowledge gaps that need to be addressed, these gaps are “fillable.” With a coordinated 
and concerted approach to addressing these needs with future research, the scientific community should 
be able to provide the necessary information such that concerns about amines and their potential health 
issues do not have to be “deal-breakers” for the technology.  
 
3.2 EPRI 2012 Working Group on Standardization of Sampling and Analytical Methods for Amines and 
Amine Degradation Products in Post-Combustion Carbon Capture Technologies 
 
 The recommendations from the 2011 workshop led to both an EPRI review of exisiting potential 
sampling and analytical methodologies [2], as well as the creation of the 2012 working group. The overall 
conclusion of the 2012 working group meeting was coordinated community development of standardized 
methods and protocols is a necessary next step. In addition to improving the quality of emissions 
measurements from from amine solvent post-combustion carbon capture pilot plants, this may also help 
increase the limited amount of emissions data by simplifying the overall process of selecting, evaluating, 
and applying appropriate methods. Unfortunately, method development is complicated by the varying 
chemical and physical properties of the many chemicals of interest in several chemical classes, the lack of 
calibration standards for some compounds, and difficulty of applying some of the most highly-developed 
methods in the sampling constraints of power plant stacks.  
 
Several overarching themes emerged from the working group discussions. These are as follows: 
• Power plant design/components, which may be different between pilot scale and full power plant 
scale facilities, can have substantial impacts on the compounds and emission rates, which 
directly influence what the most accurate sampling and analysis methods could be. 
• Mist formation (resulting from the presence of SO3) may be the highest emission source in many 
pilot plants, and may not be removed from the flue gas by current wash and demister designs. 
Any chemicals present in the mist may be missed during sampling if mist is not specifically 
targeted and sampled. 
• There is general convergence on the major sampling/analytical components needed for analysis 
of several of the chemicals of interest at the current state of development and availability of 
measurement technologies. This does not mean further development is unnecessary, but rather 
that for certain chemicals there are limited options currently available. 
• There was debate on the level of quantification or discussion necessary for many chemicals 
evaluated.  Detection limits that are too high can provide insufficient or worst-case emissions 
information for fate, transport, and impacts assessments. However, in the certain cases that have 
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attempted to substantially reduce detection limits very large resources were necessary and the 
improvements did not necessarily result in additional useful information. 
• There is a likely need for additional laboratory work on method calibration, validation, and 
comparisons, as well as detailed evaluations in situ at pilot plant stacks. While some validation 
tests have been performed as components of other emissions testing programs at pilot plants, this 
has only been done on a limited basis and not yet in a systematic manner. 
 
Some examples of methods that have been applied at pilot plants will be briefly reviewed here. Across 
most pilot facilities the amine degradation product emitted at highest quantities seems to be ammonia.  
The next highest emissions typically are the solvent amines themselves.  Both the ammonia and amines 
have been successfully measured under certain conditions using traditional Fourier Transform Infrared 
(FTIR) spectroscopy methods. However, the FTIR detection limits for these chemicals have been reported 
in the range of 1 ppm at pilot facilities, but down to 0.1 to 0.5 ppm under ideal conditions with 
substantially less water present, but these values were quite dependent on the facility design. Depending 
on the concentration of the solvent amines, they may or may not be detectable at these limits. Improved 
detection limits that could resolve these compounds at a wider range of pilot facilities might be possible 
with the introduction of longer path lengths and more spectrally-sensitive detectors. These improvements 
are theoretically achievable but have not yet been attempted at pilot facilities.  Lessons learned from the 
application of FTIR suggest strict adherence to the heated sampling line is of particular importance for 
amines as even heat gap lengths of less than 1 cm can impact the results. Attempts to remove water from 
the flue gas sample are not recommended because most of the chemicals of interest are quite soluble and 
would be lost unless this liquid was collected and subjected to offline laboratory analysis. Alternative to 
the FTIR technique, the TDLAS technique (Tunable Diode Laser Absorption Spectroscopy) is also suited 
for the on-line monitoring at similar (or possibly lower) detection limits. Disadvantage of the latter 
technique is the fact that only NH3 (and water depending on the manufacturer) can be measured whereas 
with a FTIR analyzer, up to 50 components (inorganic as well as organic) can be measured 
simultaneously. Additionally, several manual methods with isokinetic sampling and impingers (often with 
acidic solutions to encourage trapping of the chemically basic amines) have been used for these 
compounds, most of which bear substantial similarity to EPA Method 5 approaches. 
 
Nitrosamines are a very difficult chemical class to measure at a pilot plant stack because of their expected 
low concentrations, difficulty to clearly separate individual compounds in mass spectrometry approaches, 
and the frequent requirements in existing methods (usually based on ambient air and occupational health 
sampling techniques) for chemical modification of the collected sample in the laboratory before analysis. 
Thus far measurement efforts have used manual sampling with cartridges loaded with Thermosorb/N, 
extraction, and analysis by gas chromatography, high pressure liquid chromatography, and thermal energy 
analysis (TEA). These approaches have followed or slightly modified the OSHA 27 method. 
Thermosorb/N has been shown to be very sensitive to water saturated conditions.  If water removal 
techniques such as condensation are used, the liquid phase must be collected and analyzed in additoin to 
the sorbent traps. Although TEA has not been employed for online monitoring, it has been suggested for 
use as a screening tool for unknown nitrosamines in flue gas samples from PCCC facilities due to its 
selectivity, sensitivity and the fact that it does not require an external calibration standard for each 
compound of interest in order to provide an accurate quantitative response. A number of entities are 
working on new nitrosamine methods, both to capture numerous individual chemicals at once to approach 
a total chemical class approach, or by focusing on individual, or smaller sets of, chemicals. Some of these 
are based on other nitrosamine properties, such as their sensitivity to UV exposure. 
 
The working group activities are ongoing; the upcoming report will provide additional detail on the 
features and drawbacks of a number of relevant methods for all chemical classes in Table 1beyond what  
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is presented here [3]. 
 
 
4.0 Discussion and Conclusions 
 
The assessment of the potential health and environmental impacts of amines and degradation products 
related to post-combustion carbon capture activities is a field undergoing continued advancement. Several 
detailed emissions evaluation campaigns have already occurred and provided substantial learnings as to 
the chemical compounds which will likely be most important from an impacts perspective, and to begin 
testing the performance of sampling and analytical methods that are useful for this purpose. However, 
several challenges must be addressed in order to make continued rapid progress towards a consistent and 
precise range of emissions rates for all chemicals of interest, and thus higher confidence in the results of 
environmental and human health studies moving forward. The community workshops described here 
were designed to identify and prioritize the most important challenges to these goals, and to brainstorm on 
approaches to addressing them. 
 
Many of the critical data gaps identified by the 2011 workshop that are currently hampering impacts 
evaluation were not directly related to the health outcomes, knowledge of extent or mode of toxicity, or 
exposure information. Instead they related to insufficient knowledge on chemical composition, emission 
rates, and chemical fate and transport.  This emphasizes the importance of creating cross-disciplinary 
amine research efforts that can leverage the knowledge and needs of various research communities. The 
2012 working group noted the challenges with executing measurements of the various chemicals of 
interest at pilot plant stacks, but also made it clear that substantial improvement could be made in the 
performance of emissions measurements if concerted, thoughtful, and community-coordinated efforts 
were undertaken in both the laboratory and the field. 
 
EPRI plans for 2013 and beyond include development and execution of the methods testing program 
which will be designed with input from the working group and results from the upcoming report.  The 
goal of the testing is to further inform on the most appropriate sampling and analytical methods for 
amines and amine degradation products. Appropriate methods could, for example, be any number of 
methods that pass certain performance criteria as determined through the testing.  Additionally, EPRI is 
sponsoring sessions at upcoming scientific meetings to bring together researchers working on amine 
issues from the perspectives of both the CCS community and the atmospheric science community [4]. 
The goal is to foster cross-disciplinary interaction and jointly learn from the varying approaches most 
commonly used in both communities. 
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